The variation of sanding onset prediction results with the selection of one or another rock strength criterion is investigated. In this paper, four commonly used rock strength criteria in sanding onset prediction and wellbore stability studies are presented. There are Mohr-Coulomb, Hoek-Brown, Drucker-Prager, and modified Lade criteria. In each of the criterion, there are two or more parameters involved. In the literature, a two-step procedure is applied to determine the parameters in the rock strength criterion. First, the MohrCoulomb parameters like cohesion S o and internal friction angle f , are regressed from the laboratory test data. Then, the parameters in other criteria are calculated using the regressed Mohr-Coulomb parameters. It is proposed that the best way to evaluate the parameters in a specific rock strength criterion is to perform direct regression of the laboratory test data using that criterion. Using this methodology, it is demonstrated that the effect of various rock strength criteria on sanding onset prediction is less dramatic than using the commonly used method. With this methodology, the uncertainties of the effect of rock strength criterion on sanding onset prediction are also reduced. Through this study, it is also demonstrated that a sanding onset prediction problem cannot be properly solved by adopting strength criteria that are not influenced by the intermediate principal stress if laboratory test data indicate rock failure is dependent on intermediate principal stress.
Introduction
Sand production from oil/gas wells is a common field phenomenon. It poses some disadvantages or even risks for oil/gas production. Therefore it is desirable to predict under what conditions sanding may occur and then to choose the appropriate sand control technique.
Generally, in sanding onset prediction, the near well stress state is simulated using poroelastic theory, then an appropriate rock strength criterion is introduced to predict when sanding may occur ͑Morita et al. 1989a,b; Weingarten and Perkins 1995͒ . Therefore, rock strength criterion plays a key role in sanding prediction. In each rock strength criterion, there are some rock material parameters involved. In order to predict more accurately the sanding onset conditions, one needs to determine those material parameters based on laboratory test data of the rock.
Ewy ͑1999͒ and McLean and Addis ͑1990͒ studied the effect of rock strength criterion on wellbore stability. In their work, a two-step procedure is applied to obtain the rock material parameters in the rock strength criterion. First, the Mohr-Coulomb parameters like cohesion S o and internal friction angle f are regressed from the conventional triaxial test data. Then, the rock material parameters in other criteria are calculated using the regressed Mohr-Coulomb parameters S o and f . Using this procedure, it is concluded that one rock strength criterion predicts a less conservative critical mud weight than the others. It is not the intention of this work to judge if this conclusion is right or wrong. However, a different methodology is proposed to evaluate the rock material parameters appearing in each rock strength criterion.
In this paper, four different rock strength criteria: MohrCoulomb ͑Chen and Mizuno 1990͒, Hoek-Brown ͑1980͒, Drucker-Prager ͑1952͒, and modified Lade ͑Ewy 1999͒ are used in conjunction with an axisymmetrical poroelastic stress model to predict the onset of sand production. Using conventional triaxial test data, regression for the rock material parameters appearing in the rock strength criterion directly from the test data is proposed instead of using the regressed Mohr-Coulomb parameters S o and f to calculate the rock material parameters indirectly. Then it is demonstrated how the sanding onset prediction results differ. In addition, because two of the aforementioned rock strength criteria are intermediate principal stress dependent criteria, using conventional triaxial test data only may not be adequate. If a set of true triaxial ͑polyaxial͒ test data, which give the same Mohr-Coulomb parameters S o and f as those given by the previous conventional triaxial test data, are used and direct regression is performed, quite different sanding onset prediction results are reached. Fig. 1 illustrates the comparison scheme in this paper.
In this paper, as a rule, all the stresses are indicated as effective stresses and compressive stress is assumed positive. Pore fluid pressure is always positive. At first, four rock strength criteria and a near wellbore poroelastic stress model are introduced. Then it is demonstrated how different ways of processing the same set of data yield different sanding onset prediction results according to the scheme illustrated in Fig. 1 . Finally conclusions are drawn and recommendations are made.
Rock Strength Criterion
In this section, four most commonly used rock strength criteria in wellbore stability analysis and sand production prediction are presented.
Mohr-Coulomb Criterion "Chen and Mizuno 1990…
Mohr-Coulomb failure criterion is the most commonly used strength criterion for geomaterials. According to the MohrCoulomb criterion, the shear strength increases with increasing normal stress on the failure plane. It can be represented by the following equation ͑see also in which 1 = maximum principal stress and 3 = minimum principal stress. The failure function F is
Failure occurs when F ഛ 0.
Hoek-Brown Criterion "1980…
Hoek and Brown ͑1980͒ studied the published experimental results of a wide variety of rocks and proposed the following strength criterion:
where m and s = constants which depend on the properties of the rock and on the extent to which it has been broken before being subject to the stresses. Parameter s ͭ =1 for intact rock Ͻ1 for previously broken rock ͮ It is assumed s = 1 in this study. C o = uniaxial compressive strength of the intact rock in the specimen. C o is related to the MohrCoulomb parameters through the following expression:
The failure function is
Mohr-Coulomb and Hoek-Brown criteria are only dependent on the maximum and minimum principal stresses. The effect of intermediate principal stress is not considered. The MohrCoulomb criterion is linear with 3 while the Hoek-Brown criterion is nonlinear. Application of Hoek-Brown criterion in sand production prediction is considered in Wang and Wu ͑2002͒.
Drucker-Prager Criterion "1952…
An approximation to the Mohr-Coulomb criterion was presented by Drucker and Prager ͑1952͒ as an extended Mohr-Coulomb rule that employs the Von Mises criterion often used for ductile metals. It has the form
͑7͒
where
which is the first invariant of the stress tensor
which is the second invariant of the stress deviator tensor. The failure function is
The material constants in Drucker-Prager criterion can be determined by matching two particular points with those of the Mohr-Coulomb criterion, and thus the two constants, ␣ and k, can be expressed in terms of the Mohr-Coulomb parameters S o and f . 
The matching points may also be selected in such a way that the failure surface touches the other three apexes ͑see Fig. 3͒ . In this case, the material constants are ͑Chen and Mizuno 1990; McLean and Addis 1990͒
If the Drucker-Prager and Mohr-Coulomb criteria are expected to give identical limit loads for the plane strain case, the material constants can be determined as ͑Chen and Mizuno 1990; McLean and Addis 1990͒
Under this condition, the Drucker-Prager failure surface inscribes the Mohr-Coulomb failure surface ͑see Fig. 3͒ .
Modified Lade Criterion "Ewy 1999…
The modified Lade criterion was proposed by Ewy ͑1999͒ based on Lade criterion ͑Lade 1977͒. Application of this criterion in sand production is also shown by Ewy et al. ͑2001͒. The criterion can be written as
and
Near Wellbore Poroelastic Stress Model

Radial Fluid Flow Model
If single-phase fluid flow is assumed, the material balance equation for the fluid in an axisymmetrical reservoir is ͑Aziz and Settari 1979͒ 1 r ‫ץ‬ ‫ץ‬r
where k r and k z = permeability in radial direction and vertical direction, respectively; f = reservoir fluid viscosity; B f = reservoir fluid formation volume factor; = formation prorsity; C f = fluid compressibility; C r = rock compressibility; p = pressure; t = production time; and r and z = coordinates in the r and z directions. Eq. ͑23͒ can be solved with appropriate boundary conditions and initial condition by finite difference or finite element method. 
Axisymmetrical Poroelastic Stress Model
If the in situ horizontal stress is isotropic and all the formation properties and loading are axisymmetrical, an axisymmetric poroelastic stress model can be established to describe the near wellbore stress state. The stress model in cylindrical coordinates is established in r and z directions using the concept of momentum equilibrium ͑Ti-moshenko and Goodier 1969͒ and poroelasticity ͑Biot 1941͒, which is
where r = effective radial stress; = effective tangential stress; z = effective vertical stress; rz = shear stress in z direction; f r = body force per unit volume in radial direction; f z = body force per unit volume in vertical direction; and ␣ b = Biot's constant.
Combining the radial fluid flow model and the above poroelastic stress model with appropriate boundary conditions, the stress state can be determined using the finite element method for a given well production condition as a function of time.
Determination of Rock Strength Criterion Parameters
From the above listed rock strength criteria, it is noticed that there are two parameters involved in each criterion ͑in Hoek-Brown, s has been assumed to be unity͒. Laboratory tests are needed to determine those parameters for a specific rock. Among the listed rock strength criteria, Mohr-Coulomb and Hoek-Brown criteria are intermediate principal stress independent ͑ 2 independent͒ while Drucker-Prager and modified Lade criteria are intermediate principal stress dependent ͑ 2 dependent͒. If it is known that the formation rock satisfies any of the 2 independent strength criteria, then only conventional triaxial tests ͑ 1 Ͼ 2 = 3 ͒ are necessary. Otherwise, true triaxial tests ͑ 1 Ͼ 2 Ͼ 3 ͒ are needed. However, in reality, it is not known which criterion the formation rock satisfies until proven by laboratory tests. True triaxial test data can always be used to determine which criterion best describes the formation rock strength. However, for many reasons, conventional triaxial test data are commonly used but true triaxial test data are rarely available for petroleum engineering usage. Besides, the procedure used to process the conventional triaxial test data is frequently regressing for the Mohr-Coulomb criterion parameters like cohesion S o and internal friction angle f through the 1 , 3 plot, and then deriving the parameters in other strength criteria through their relation with the Mohr-Coulomb parameters ͓see Eqs. ͑11͒-͑16͒, ͑20͒, and ͑21͔͒. Even if there are relations between Mohr-Coulomb parameters and the parameters in the other criteria, the relations are not based directly on laboratory test data. Direct regression of the test data for each different rock strength criterion is recommended.
To support the recommendation, in this section, the following are demonstrated: ͑1͒ Using conventional triaxial test data, the rock strength criteria parameters obtained from the regressed Mohr-Coulomb parameters and from direct regression of the test data are different. Consequently, the approach used in processing laboratory test data does matter. ͑2͒ Using true triaxial test data which give the same regressed Mohr-Coulomb parameters as before, it is demonstrated that the rock strength criteria parameters obtained from direct regression of the test data are different from those obtained using conventional triaxial test data.
It is unfortunate that laboratory test data are not available and therefore the regression process cannot be performed ͑interested reader should refer to Colmenares and Zoback 2002b, a͒ . Two assumed strength data points are used in two cases ͑see Table 1͒ , to illustrate our ideas. As a result, it is important to mention that, in this paper, all the rock strength criterion parameters are calculated from assumed data points instead of regressed from actual test data points. In Case A, one uniaxial compressive test data point and one conventional triaxial test data point are used. In Case B, one uniaxial compressive test data point and one true From the results in Tables 2-5 , it is noticed that the procedure used in processing laboratory test data is important for evaluating rock strength parameters. It is strongly recommended that direct regression based on laboratory test data be used to evaluate rock strength parameters.
Strength criterion
In the following section, it is shown how the sanding onset prediction results are affected by the methodology of obtaining the parameters in rock strength criterion. 
14.6667 ----a m and C o are directly calculated without using Mohr-Coulomb S o and f . Table 4͒ Strength criterion ␣ k ͑MPa͒
3.4527 ----a m and C o are directly calculated without using Mohr-Coulomb S o and f . 
Application of Rock Strength Criterion in Sand Production Prediction
Sand production is a very common field phenomenon. It may be caused by a high production rate, which leads to near-wellbore formation rock tensile failure ͑Weingarten and Perkins 1995͒. It may also be induced by the increase of near-wellbore effective stress during the depletion of a reservoir, which causes nearwellbore formation rock shear failure ͑Morita et al. 1989a, b͒. In this paper, it is assumed that sand production is caused by nearwellbore formation rock shear failure. A hypothetical vertical gas well with the parameters given in Table 6 is considered. The well produces first at constant rate and then at constant pressure after the bottomhole flowing pressure reaches the allowed minimum value. The variation of average reservoir pressure and bottomhole flowing pressure etc. with production time is shown in Fig. 4 . If the formation rock behaves linear elastically, the variation of wellbore surface principal effective stresses with production time is calculated as shown in Fig. 5 . However, it is more likely that the formation rock behaves as an Tables 2 and 4 are essentially the same, the sanding onset prediction results are exactly same for both cases. Sanding onset prediction indicates that no sanding occurs if circumscribed Drucker-Prager criterion is used for both cases, data for this criterion in this graph is at production time= 12 years. Fig. 7 . Predicted sanding onset results using different rock strength criteria for test data in Case A, with rock strength parameters from Table 3 . Predicted sanding onset results for three versions of Drucker-Prager criteria are same because parameters ␣ and k are same for different versions of Drucker-Prager criterion. Since sanding onset prediction indicates that no sanding occurs if three Drucker-Prager criteria are used, data for criteria in this graph are at production time= 12 years. elastoplastic material. If a specific strength criterion is used, sand production caused by the near wellbore area failure can be predicted. In this section, it is shown how the sanding onset prediction results vary with the methodology of obtaining the parameters in the rock strength criterion.
For Case A, when only conventional laboratory measurements are available, the rock strength criteria parameters using two different methodologies are calculated. Using parameters in Table 2 , which is derived by first calculating the Mohr-Coulomb parameters S o and f , and then using S o and f to calculate rock strength criterion parameters in other criteria using Eqs. ͑11͒-͑16͒, ͑20͒, and ͑21͒, the specific production time when sand production occurs can be predicted, in addition to other data such as drawdown ͑the difference between average reservoir pressure and bottom hole flowing pressure͒ and total drawdown ͑the difference between initial reservoir pressure and bottom hole flowing pressure͒ at the onset of sand production. Those sanding parameters obtained by using different strength criteria are illustrated in Fig. 6 . Obviously, the variation of predicted onset of sanding with the applied strength criterion is too large. However, if parameters in Table 3 are used, which are calculated directly from the test data without using Eqs. ͑11͒-͑16͒, ͑20͒, and ͑21͒, a different set of sanding onset data are obtained ͑see Fig. 7͒ . Comparison of Figs. 6 and 7 indicates that the sanding onset prediction differences for various versions of the Drucker-Prager criterion are eliminated if the rock strength criterion parameters are obtained by direct regression of the laboratory test data. This is because in the Drucker-Prager criterion there are only two parameters, ␣ and k, available for regressing. Therefore, using the same test data, regression can only lead to the same set of ␣ and k even for different versions of the Drucker-Prager criteria.
In the same way, two different sanding onset prediction results are obtained for Case B. If the rock strength criterion parameters in Table 4 are used, sanding prediction results are exactly the same as those in Fig. 6 . If the rock strength criterion parameters in Table 5 are used, different sanding prediction results are obtained ͑see Fig. 8͒ . The sanding prediction results differ from each strength criterion much less than that in Fig. 7 due to the fact that one true triaxial test data point in Case B and our recommended methodology to process the test data points are used. Some difference still exists because the shape of each strength criterion surface in the three-dimensional principal stress space is different.
In Figs. 6-8, it is noticed that the Mohr-Coulomb and HoekBrown criteria provide the same sanding onset prediction results. This is because the Biot's constant is taken to be unity in our study and the minimum principal stress 3 is zero.
Conclusions and Recommendations
The following are concluded and recommended from the above work: 1. Of the approaches considered, the best way to evaluate the rock strength criterion parameters is to perform direct regression of the laboratory test data. Using the regressed MohrCoulomb parameters to calculate the rock strength parameters in other criteria is not recommended. 2. Using the methodology proposed in this paper, the uncertainties of the effect of rock strength criterion on sand production prediction are reduced. 3. Through this study, it is demonstrated that a sanding onset prediction problem cannot be properly solved by adopting strength criteria that are not influenced by the intermediate principal stress if laboratory test data indicate rock failure is dependent on intermediate principal stress.
